IGC has been used to characterise the surfaces of a pure calcitic calcium carbonate as well as samples that had been treated with sodium polyacrylate and/or stearic acid. The dispersive components of the surface free energy for the pure material agreed well with related Literature data. Polar contributions to the surface interactions with a range of probes were determined. The results show that the surface treatments reduced the polarity of the surface and that modification with stearic acid produced a non-polar, low energy surface. Some mechanical properties of polypropylene composites containing the modified calcium carbonates were found to correlate well with the filler surface energies.
INTRODUCTION
Calcium carbonate, CaCO 3 , is a commonly used filler mineral, a major use being in filled polyolefins such as polyethylene and polypropylene where its addition leads to materials with improved toughness and rigidity. The property improvements in filled materials depend critically on the surface properties of each component being appropriate to ensure good bonding and compatibility between them as well as to ensure that the filler can be well dispersed in the polymer matrix. Hence, the surface properties of the mineral usually need to be modified before it can be successfully incorporated into a polymer. Many applications use natural or precipitated calcium carbonates with surfaces modified by treatment with carboxylic acids such as stearic acid to assist wetting and reduce the surface energy. This improves the dispersion of the filler into the polymer and prevents aggregation but also affects the mechanical properties. Thus an understanding of the surface characteristics of both polymer and filler is necessary 1 .
Surface interactions depend on the thermodynamic nature of the components and can be quantified by calorimetric methods or adsorption studies. Each method has its advantages and disadvantages 2 . Inverse gas chromatography, IGC, has been shown to be a robust and widely applicable method for the study of surface characteristics of polymers and a wide range of other materials 3 , 4 and was therefore chosen for this work. Calcium carbonates have previously been studied by IGC. Papirer and co-workers compared the surface energies for varying stearic acid coverage determined by contact angle techniques with chromatographic data 5 . They found that IGC at infinite dilution could be used to measure the dispersive component of the mineral and its modification. Schmitt et al. 6 found that the adsorption behaviour of n-alkanes was similar for stearic acid and non-treated calcium carbonates although the entropic contributions to the interactions were different. Ahsan and co-workers 7 , 8 also measured the surface energetics of calcium carbonates, and showed that the enthalpy of adsorption of alkane probes was reduced after treatment with stearic acid. Ahsan and Various forms of calcium carbonate were studied by Keller and Luner 9 , 10 . The surface energies of chalk, marble and a laboratory-prepared material were characterised in terms of the dispersive component of the surface free energy and the differential enthalpy of adsorption. The results were equated to physisorbed and chemisorbed water bound at the surface and within the porous structure. Other modifying agents for calcium carbonate were scrutinised by Balard et al. 11 . Calcite was treated with stearic, undecylenic and linoleic acids which were found to markedly change the dispersive or non-specific component of the surface free energy. Values for stearic acid-treated calcite were strongly dependent upon surface coverage, whereas those for undecylenic and linoleic acids were less dependent.
The aim of this study was to apply IGC to a number of modified calcium carbonate systems and to determine the effect that the surface modifications had on the mechanical properties of filled polypropylenes. To remove uncertainties due to variations in naturally occurring minerals, a pure calcium carbonate with known, well defined structure was prepared in the laboratory. Surface properties have been characterised in terms of both dispersive and specific components of the surface Gibbs free energy allowing the effect of the surface treatment with a dispersing agent, sodium polyacrylate, and with stearic acid on a range of properties of polypropylene composites to be monitored.
EXPERIMENTAL

Materials:
A pure, precipitated calcium carbonate, PCC, was prepared by chemical precipitation 12 . Equimolar equivalents of 0.5 mol dm -3 solutions in de-ionised water of BDH AnalR sodium carbonate and calcium chloride were combined slowly with stirring, 4 maintaining the mixture between 25 and 30 °C. The resulting precipitate was filtered through a 541 Whatman filter, and the supernatant through a 50 Whatman filter. The solids were combined and dried in a vacuum oven at 60 °C to a constant weight. The PCC was analysed by X-ray diffraction (XRD) with a Siemens D5000 diffractometer utilising a Braun position sensitive detector, and by scanning electron microscopy (SEM), with a Philips-Electroscan 2020 SEM as shown in Figure 1 . From the XRD data the crystal structure was determined as calcite with only trace amounts (< 0.1 %) of vaterite and no aragonite observed. To prepare IGC column packings with the appropriate particle sizes, the solids were compacted into 1 mm diameter pellets using a press at 20 tonnes pressure. and pressure meter. The accuracy of temperature measurement was within ± 0.2 °C, and gas flow measurement was within ± 0.3 cm 3 min -1 . The carrier gas used was oxygen-free nitrogen (BDH, 99+ %) passed through a Perkin-Elmer three-stage drying and purification system, before entering the chromatograph. Flow rates of 10 -20 cm 3 min -1 were used; there was no significant dependence of the results on the flow rate. Barometric pressure was measured at the beginning and end of each run using a BDH precision aneroid barometer. The mean of the two was used for all calculations. The instrument was located in a temperature-controlled laboratory, maintained at 23 °C ± 1 °C.
After loading into the chromatograph, the columns were pre-conditioned at 120 °C for tensometer by the three-point bend technique.
RESULTS AND DISCUSSION
Data treatment
The primary measurement in IGC is the net retention volume, V n , given 14 by
where t r is the retention time taken for the probe and t 0 that for the non-interacting marker and f is the carrier gas flow rate corrected to S.T.P. J is the correction factor for pressure drop across the column and carrier gas compressibility, given with the column inlet and outlet pressures, p i and p o respectively by:
For solid minerals, absorption into the bulk is negligible and retention is solely due to adsorption onto the solid surface so that
where S a is the specific surface area of adsorbent and W s the weight of sample in the column.
K s can be defined as a surface partition coefficient
Calculating the enthalpy, entropy and free energy of adsorption
For isothermal adsorption of one mole of the probe molecule from the standard gaseous state to a standard adsorption state, the change in Gibbs free energy is
where ∆G a º is the standard free energy change of adsorption, p s is the vapour pressure of the adsorbate in its adsorbed state in equilibrium with the vapour and p g is its equilibrium vapour pressure. By introducing the Gibbs equation to account for the surface concentration, Γ, it can be shown 10 that
To determine ∆G a°, p g and π, the surface pressure of the adsorbate, must be known. De Boer 15 first proposed that the standard surface pressure was that where the distance of separation between molecules in the adsorbed state was equal to that in the standard state liquid, giving p g = 1.013 x 10 5 Pa and π = 3.38 x10 -4 Nm -1 . Hence, ∆G a° can be calculated over a series of temperatures from measurement of V n . All the bracketed components in Equation (2) with the exception of V n , are constants so that
Thus, if ∆G a° is plotted versus T, ∆H a° can be calculated from the intercept and ∆S a° from the slope, with the assumption that neither parameter depends on temperature over the range investigated.
An alternative approach to determining ∆H a° arises from a van't Hoff treatment of Equation (3) . Considering the temperature dependence of V n , gives: 
Calculating specific interactions
By using probes which can interact with the stationary phase by more specific interactions, further information as to the surface properties can be found. Following the work of Fowkes 18 , Saint Flour and Papirer showed how IGC could be used for characterising surfaces in terms of their acid-base nature 19 , 20 . Adsorption data for a range of acidic, basic and neutral probes can be used to determine specific adsorption components (∆G°s p ), where the total free energy is the sum of the separate contributions:
Non-polar interactions are related to the surface area of the adsorbed species, a, and the dispersive components of the surface tension for the solid and adsorbate components, γ s d and γ a d , respectively.
The slope of a plot of RT lnV n(alkane) as a function of a(γ a d ) ½ therefore corresponds to the response of a non-polar (alkane) probe. If a polar probe with equivalent a(γ L d ) ½ is used, the deviation from the slope on the RT ln V n axis is a measure of a specific interaction, giving rise to ∆G°s p .
To apply Equation (7), γ L d , the surface tension of the pure liquid, was obtained from published data and a, the area of the molecule when it is adsorbed on a surface, was estimated from:
15, 18 a = 1.09 x 10
where M is the molecular weight of the probe, ρ is the density of the liquid at STP and N is Avogadro's number. By using a range of probes with varying acceptor, donor, acidic and basic properties, a full characterisation of the surface can be carried out.
Experimental results
The enthalpies of adsorption for the alkane probes were calculated to give an initial assessment of the surface properties and effects of the treatments. Figure 2 shows the results for four probes adsorbed on PCC plotted in the van't Hoff format as in Equation (4 here. Ahsan et al. 8 considered those differences to be due to water adsorption from the carrier gas, or surface modification of the cationic sites by the hydrocarbon probes. The former of these seems most likely. The equipment used in our work included a gas drying and purification system to remove water from the carrier gas and prevent any modification by impurities. Repeating the measurements on PCC after 250 hours conditioning resulted in a small but significant increase in ∆H a° of 0.7 -1.8 kJ mol -1 , probably related to the removal from the PCC of relatively weakly bound physisorbed water. The presence of adsorbed water on calcium carbonate surfaces is a widely recognised phenomenon and partial desorption of the water monolayer would result in the changes observed 21 . Both Ahsan et al. 8 and Keller and Luner 10 found physisorbed water could only be completely removed by prolonged heat treatment above 300 °C. In this work, conditions applicable to commercial practices were used and all samples were treated in the same manner so that comparative results should be valid.
The modification of PCC with sodium polyacrylate reduced the ∆H a° by only a small amount, 0.1 -2.0 kJ mol -1 . Similar results were found by Ahsan et al. 8 when modifying a colloidal PCC with sodium hexametaphosphate. The relatively small change suggests that only the very highest energy sites on the surface are being covered since sodium polyacrylate will interact most with these reducing interaction with the probes. However, it is clear that a high proportion of high energy sites remain and the polyacrylate coating retains a relatively polar nature of the surface. There are two contributions to this polarity. Some sites on the solid surface may not interact effectively with the polymer coating but an alternative explanation is that all the CaCO 3 polarity is masked but that the new surface contains a proportion of polar acrylate groups from the polymer.
The stearic acid coated PCC's both displayed significantly lower isosteric enthalpies of adsorption for the probes than the uncoated equivalents, as shown in Their work used commercially available, natural sourced CaCO 3 samples which may be considered less uniform than those prepared under rigorous laboratory conditions. These minerals will contain a proportion of silica, silicates and heavy metals which may not be completely removed during manufacturing and may give rise to variations in surface energy.
The coating of PCC with either sodium polyacrylate or stearic acid resulted in a lowering of γ s d although the effect is significantly greater with the latter compound. This again suggests that treatment of CaCO 3 with sodium polyacrylate masks the highest energy sites on the surface. It is interesting to note that further treatment of this material with stearic acid gives no significant change in γ s d wheras it causes a large reduction in unmodified CaCO 3 . This can be explained since the polyacrylate will coat the high-energy sites preventing interaction with stearic acid but still leave a relatively polar surface. Conversely, stearic acid alone will interact with these sites and leave a largely alkane-like surface with a γ s d value similar to polyolefins. 24 In order to obtain further information on the nature of the surface, further calculations were performed in order to investigate more specific interactions. Adsorption data for several non-alkane probes were used to determine the specific energy of adsorption (∆G°s pecific ) on the calcium carbonates. An example of the plots obtained using Equation (8) for the four CaCO 3 samples is shown in Figure 4 ; those for the other solids again had similar forms. The differences in retention compared with the linear relation for the alkane probes are readily apparent.
Results for adsorption of specific probes on PCC and PCC-PAc are given in Table 5 .
Due to the very low retention time differences (compared with alkanes) for specific probes on the stearic acid-treated PCCs, only alkene probes were considered to yield reliable results. IGC data on surface adsorption is often considered in terms of the donor-acceptor (or acid-base) properties of the probes. The results for PCC1 and PCC-PAc reveal the extent to which surface modification of polar sites occurred on coating. Using alkene probes, the specific enthalpies of adsorption were lower for PCC-PAc compared with PCC. As the basic π -bonds of the alkenes will interact most readily with the active Ca 2+ surface sites, sodium polyacrylate effectively masked these sites. This confirms the conclusions from the dispersive component energy results. The values were comparable with those for the stearic acid treated materials. Chloroform is moderately acidic, and its retention on PCC was reduced with polyacrylate treatment. Toluene, another acidic probe, interacted more strongly with PCC, but only moderately with PCC-PAc. Addition of sodium polyacrylate thus resulted in a net reduction in both basic and acidic sites. The very small difference in retention times between these probes and the alkane probes again suggests that there is little polar nature to the surface after stearic acid treatment. It was recently shown using computer simulation methods 26 that carboxylic acids could readily adsorb onto the most stable surfaces of calcite.
In the case of formic acid, one acid molecule interacted with two adjacent Ca 2+ ions at the surface. The hydrogen atom of the carboxylate group interacted with carbonate oxygens at the surface. In this way, the surface polarity was masked. With the longer chain acids, the alkyl groups would then further mask the polarity at the solid surface yielding the low surface energy materials observed here.
Table 7 near here
Some of the measured mechanical properties of each of the filled polymers are given in Table 7 . A fuller mechanical characterisation of the materials has been given elsewhere. In a polymer matrix, good wetting of the filler surface is necessary for thorough dispersion. Any agglomerated filler will act as a defect which can initiate impact failure.
However, the adhesion between filler and matrix should not be too strong as this will prevent
de-bonding at the interface which is necessary for dissipating the energy in an impact and hence imparting toughness to the composite 29 . Pukansky 30 studied interfacial interactions in polypropylene composites and correlated their yield stress with interaction strengths measured as by contact angle. A stearic acid treated calcium carbonate gave a lower yield stress and lower interaction than untreated calcium carbonate in PP polypropylene.
The aim of the current work was to correlate the physical property results with the surface energies of the polymer and fillers. It is clear that the mechanical properties of the filled PP correlate with the surface energy of the CaCO 3 used. In particular, coating the filler with stearic acid produced a non-polar, alkane-like surface with a surface energy close to that of the polymer and this gave the best mechanical performance.
CONCLUSIONS
IGC at infinite dilution was confirmed as a suitable and robust technique for the characterisation of both specific and non-specific interactions of the surfaces of mineral fillers such as calcium carbonate. The effects of differing surface treatments may readily be quantified in terms of both dispersive and specific components of the surface free energy.
Measurements of the isosteric enthalpy of adsorption and the various contributions to the surface free energy of calcium carbonate demonstrate that coating with stearic acid effectively produces an "alkane-like" surface where the acid groups interact with the Ca 2+ ions at the surface and the alkane groups shield these from interactions.
A good correlation between the physical properties of polypropylene-calcium carbonate composites with the surface energies of the filler was also demonstrated. The IGC method has the advantage that it can be applied to finely divided particulates such as fillers, the surface energies of which are difficult to measure by contact angle and related methods. 
